Background: The nucleotide reverse transcriptase inhibitor tenofovir (TFV) is widely administered in a disoproxil prodrug form (tenofovir disoproxil fumarate, TDF) for HIV management and prevention. Recently, novel prodrugs tenofovir alafenamide fumarate (TAF) and hexadecyloxypropyl tenofovir (CMX157) have been pursued for HIV treatment while minimizing adverse effects associated with systemic TFV exposure. Dynamic and sensitive bioanalytical tools are required to characterize the pharmacokinetics of these prodrugs in systemic circulation. Two parallel methods have been developed, one to combinatorially quantify TAF and TFV, and a second method for CMX157 quantification, in plasma. Methods: K 2 EDTA plasma was spiked with TAF and TFV, or CMX157. Following the addition of isotopically labeled internal standards and sample extraction via solid phase extraction (TAF and TFV) or protein precipitation (CMX157), samples were subjected to liquid chromatographic-tandem mass spectrometric (LC-MS/MS) analysis. For TAF and TFV, separation occurred using a Zorbax Eclipse Plus C18 Narrow Bore RR, 2.1 × 50 mm, 3.5 m column and analytes were detected on an API5000 mass analyzer; CMX157 was separated using a Kinetex C8, 2.1 × 50 mm, 2.6 m column and quantified using an API4500 mass spectrometer. Methods were validated according to FDA Bioanalytical Method Validation guidelines. Results: Analytical methods: were optimized for the multiplexed monitoring of TAF and TFV, and CMX157 in plasma. The lower limits of quantification (LLOQs) for TAF, TFV, and CMX157 were 0.03, 1.0, and 0.25 ng/mL, respectively. Calibration curves were generated via weighted linear regression of standards. Intra-and inter-assay precision and accuracy studies demonstrated %CVs ≤ 14.4% and %DEVs ≤ ± 7.95%, respectively. Stability and matrix effects studies were also performed. All results were acceptable and in accordance with the recommended guidelines for bioanalytical methods. Assays were also applied to quantify in vivo concentrations of prodrugs and TFV in a preclinical study post-rectal administration. Conclusions: Sensitive, specific, and dynamic LC-MS/MS assays have been developed and validated for the multiplexed quantification TAF and TFV, as well as an independent assay for CMX157 quantification, in plasma. The described methods meet sufficient throughput criteria to support large research trials.
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Introduction
There are approximately 37 million individuals living with HIV worldwide, with an estimated 50% on antiretroviral treatment regimens [1] . While several antiretroviral classes are approved for disease management, the most common regimens include a combinatorial nucleotide reverse transcriptase inhibitor (NRTI) backbone; more recently, there has been a shift to also include an integrase strand transfer inhibitor for management in treatment-naïve individuals [1] [2] [3] . The adenosine analog tenofovir (TFV) is extensively utilized for both HIV treatment as well as prevention, and is predominantly administered in conjunction with the NRTI emtricitabine (FTC). TFV, like other NRTIs, elicits its antiviral effects via intracellular activation to phosphorylated metabolic moieties [3] . Therefore, it is imperative for TFV to penetrate CD4+ T cells and lymphoid tissues for metabolism to tenofovir-diphosphate (TFV-DP) for subsequent inhibition of viral replication and propagation.
TFV has been predominantly administered as the prodrug tenofovir disoproxil fumarate (TDF) to facilitate increased intestinal absorption and subsequent bioavailability in vivo [2, 4, 5] . The disoproxil modification facilitates oral absorption through masking of the negatively charged phosphonic groups located on the nucleotide analog. TDF is degraded to TFV via carboxyesterase and phosphodiesterase enzymes in systemic circulation; prodrug administration increases TFV bioavailability by 25%, resulting in enhanced TFV uptake and metabolic conversion in targeted CD4+ T cells and lymphoid tissues [2, 6, 7] . While TDF is administered as Viread ® , it is also available in a number of fixed dose formulations for disease management, including Atripla ® (300 mg TDF, 200 mg emtricitabine (FTC), and 600 mg efavirenz (EFV)) and Stribild ® (150 mg elvitegravir (EVG), 150 mg cobicistat (c), 200 mg FTC and 300 TDF) [3, [8] [9] [10] . However, due to potential drug-associated adverse effects, including decreased bone density and renal tubular injury, alternative prodrug forms have been evaluated to enhance intracellular uptake and reduce systemically-associated toxicities [2, 3, 11, 12] . Recently, the FDA approved the single tablet formulation, Genvoya ® , for HIV treatment as an alternative to Stribild [3, [8] [9] [10] .
While both Stribild and Genvoya ® have the same backbone compounds, Genvoya utilizes 10 mg of the novel TFV prodrug tenofovir alafenamide fumarate (TAF, GS-7340) [3, [8] [9] [10] 13] . The addition of the alafenamide group to the antiviral compound prevents nonspecific esterase activity, resulting in a more stable, intact, prodrug in systemic circulation [11, 14] . TAF passively enters into target cells, where it undergoes ester hydrolysis by the lysosomal enzyme cathepsin A. Activity by cathepsin A results in the production of an unstable metabolite that is ultimately degraded to TFV. TFV may then be effluxed from a target cell, or intracellularly activated via kinase enzymes to generate the phosphorylated moiety [6, 7, 11, 12] . The improved toxicity profiles and increased intracellular bioavailability observed for TAF has led to more intense interest not only in disease management, but also in potential prevention [2, 3, [10] [11] [12] [13] . Although TAF has demonstrated a significant amount of success in increasing efficacy and reducing toxicity, other prodrugs of TFV are in the pipeline to meet the numerous challenges of HIV treatment and prevention. Additionally, compounds are under evaluation to treat both HIV and hepatitis B virus (HBV), including the TFV lipid conjugate, CMX157 (hexadecyloxypropyl tenofovir) [7, 14, 15] . CMX157 is an alkoxylalkyl lysophospholipid conjugate of TFV that was designed for stability in plasma and rapid uptake by cells [14] [15] [16] . The stability of CMX157 in plasma prevents TFV accumulation in renal cells via organic anion transporters (OATs) [14] . CMX157 is currently under evaluation as an alternative treatment to TDF for HIV that can achieve antiviral activity while mitigating secondary adverse effects [2, 6, 7, 15] . In vitro data support that CMX157 may be effective against drug-resistant strains of HIV [2, [14] [15] [16] . Further, phase 2 data suggest CMX157 may be a potent alternative for HBV treatment as the lead drug in a combinatorial formulation of several compounds, including other NRTIs [17, 18] .
In light of the recent approval of TAF as part of a combinatorial therapy for HIV management, and a growing interest in prodrugs with more targeted antiviral activity, bioanalytical assays are required to characterize prodrug, drug, and metabolite pharmacokinetics. There are few bioanalytical assays describing TAF quantification in plasma; published assays have significant limitations, including insufficient analytical sensitivities for prodrug quantification from approved oral formulations (10 mg daily), nonmultiplexing with TFV, large sample volumes, and long-analytical run times [3, [19] [20] [21] . There is substantially less bioanalytical data described in the literature with regard to CMX157 quantification. Thus, we describe the development, validation, and implementation of sensitive liquid chromatographic-tandem mass spectrometric (LC-MS/MS) methods for the multiplexed quantification of TAF and TFV in plasma, as well as plasma CMX157 quantification. The described assays have lower limits of quantification that are sufficiently sensitive to support preclinical studies characterizing TFV and prodrug pharmacokinetics using an enemabased drug delivery system.
Experimental

Chemicals
The reference standard TAF (C 21 
Preparation of reagents and standards
For the multiplexed quantification of TAF and TFV, stock concentrations were corrected for loss of the fumarate (TAF) and the presence of the monohydrate (TFV). Stock solutions were prepared in DMSO (TAF) or water (TFV) at concentrations of 1000 g/mL and 941 g/mL, respectively, and working stock solutions were prepared from these stocks. Calibration standards containing final TAF/TFV concentrations of 0.030/1.00, 0.06/2.00, 0.250/5.00, 1.00/10.0, 5.00/25.0, 25.0/50.0, 75.0/100, and 150/200 ng/mL were prepared by spiking human K 2 EDTA plasma with appropriate volumes of working stock solutions. Quality control (QC) materials were prepared from independently weighed drug master stocks and spiked into K 2 EDTA plasma. QC materials were prepared at the lower limits of quantification (LLOQs), as well as low, mid and high levels. Final QC concentrations for TAF/TFV at the LLOQ, low, mid and high levels were 0.030/1.00, 0.090/3.00, 3.00/20.0 and 130/170 ng/mL, respectively. The internal standard, 13 C 5 -TFV, was used for quantification of both TAF and TFV. An internal standard stock was prepared in water to a final concentration of 1.00 mg/mL, and was ultimately diluted to a working stock concentration of 50 ng/mL to be added during sample preparation.
For CMX157 quantification, a stock solution of CMX157 was prepared in 80:20 methanol:water with 0.2% ammonium hydroxide at a concentration of 500 g/mL. Working stock solutions were prepared in 60:40 100 mM ammonium acetate:acetonitrile and spiked into K 2 EDTA plasma for final calibrator concentrations of 0.250, 2% ammonium hydroxide to a concentration of 500 g/mL, and was diluted in 60:40 100 mM ammonium acetate:acetonitrile to a working stock concentration of 75 ng/mL to be added during sample preparation.
Sample preparation
TAF and TFV were extracted from plasma via mixed mode cation exchange solid phase extraction. One hundred microliters of plasma was combined with an equal volume of internal standard and 300 L of 1.0% TFA. This mixture was added to a Waters Oasis MCX SPE plate (Waters, Milford, MA). Extraction occurred under vacuum conditions; samples were washed once with 500 L of 1.0% trifluoroacetic and ultimately eluted with 500 L 5.0% ammonium hydroxide in methanol. Eluents were evaporated to dryness, reconstituted in a 150 L 80:20 water:acetonitrile solution containing 0.1% formic acid, and introduced into the LC-MS system for analysis.
CMX157 was isolated from plasma via protein precipitation. Briefly, 50 L of sample was combined with 50 L of internal standard and 100 L of water onto an Agilent Captiva 0.45 m filter plate (Agilent, Wilmington, DE). Following a 5 min incubation, precipitation occurred using 500 L acetonitrile with 0.25% ammonium hydroxide. Post-elution, eluents were evaporated to dryness and reconstituted in 100 microliters of 60:40 0.25% ammonium hydroxide in acetonitrile:5 mM ammonium bicarbonate in water, and introduced into the LC-MS system for analysis.
Separation and instrument acquisition parameters
TAF and TFV samples were analyzed using a Waters Acquity UPLC system (Waters, Milford, MA) interfaced with an API5000 mass analyzer (SCIEX, Foster City, CA). Analytes were chromatographically separated using a Zorbax Eclipse Plus C18 Narrow Bore RR, 2.1 × 50 mm, 3.5 m column (Agilent, Wilmington, DE) using a mobile phase system consisting of 0.1% formic acid in water (mobile phase A, MPA) and 0.1% formic acid in acetonitrile (mobile phase B, MPB). The total analytical run time was 4.0 min. TAF and TFV were quantified on an API5000 operated in positive ionization and selective reaction monitoring modes, monitoring transitions m/z 477.3 → 176.0 (TAF), m/z 288.1 → 176.1 (TFV) and m/z 293.1 → 181.1 ( 13 C 5 -TFV IS).
CMX157 samples were analyzed using a Shimadzu Nexera XR LC system (Shimadzu, Kyoto, Japan) interfaced with an API4500 mass analyzer (SCIEX). CMX157 was separated using a Kinetex C8, 2.1 × 50 mm, 2.6 m column (Phenomenex, Torrance, CA) maintained at 50 • C and a mobile phase system consisting of 5 mM ammonium bicarbonate in water (MPA), 0.25% ammonium hydroxide in methanol with 0.05% DMSO, pH 8.5 (MPB), and 80% methanol, 20% acetone, and 0.3% DMSO for the strong wash (mobile phase C, MPC). The total analytical run time was 5.50 min. The mass spectrometer was operated in negative ionization and selective reaction monitoring modes, and drug and internal standard were monitored at transitions m/z 568.4 → 134.0 (CMX157) and m/z 574.1 → 134.0 (CMX157-d6), respectively. Full chromatographic and mass spectrometer conditions are described in Supplemental Table 1 .
Data evaluation
Data were acquired using Analyst ® 1.6.2 Software (Build 8489; SCIEX). Calculations for validation assessment, which includes precision, accuracy, stability, and matrix effects, were performed using Microsoft Office Excel 2010 and 2013. Outliers were defined by Grubbs' Outlier Test.
Method validation
Bioanalytical methods were validated in accordance with the recommendations endorsed by FDA Guidance for Industry, Bioan-alytical Method Validation guidelines [22] . Assays were tested and validated for intra-and inter-assay precision and accuracy, calibration curve analysis, selectivity and matrix effects; further stability, carryover, and dilutional integrity challenges were also performed.
Precision & accuracy studies
Intra-assay precision was determined through the analysis of six independent replicates of QC materials extracted from plasma. The observed means, SDs and %CVs were calculated at the aforementioned LLOQ, as well as low, mid, and high QC levels. Inter-assay precision was evaluated for all QC levels over three independent experiments; observed values were quantified from run-specific calibration curves. Accuracy was determined as the %DEV from theoretical concentrations at each QC level. Both intra-and interassay accuracy were determined from six independent replicates within an experiment and between three independent experiments, respectively.
Calibration curve analysis
Calibration curve standards were prepared and evaluated at the beginning and end of each analytical run. Calibration curves for TAF, TFV, and CMX157 were generated based on the peak area ratios of the analytes to the respective internal standards using a weighted 1/x 2 linear regression.
Dilutional integrity
Extended linearity beyond the primary analytical measuring range was also established. Plasma was spiked with TFV and its prodrugs at concentrations three times above assay upper limits of quantification (ULOQ): TAF [450 ng/mL], TFV [600 ng/mL] and CMX157 [600 ng/mL]. Samples were diluted up to 20-fold with drug-free plasma in quadruplicate, prepared, and analyzed. Further, mid and high QC samples (n = 4) were diluted up to five-fold with drug-free plasma and analyzed to determine if a volumelimited sample could also be analyzed using the described assays. The %DEVs at each dilutional level was determined to evaluate acceptability, which was defined as < ± 15% of target concentrations.
Stability assessment
Several stability challenges were performed to characterize the quantification of TAF, TFV and CMX157 under several conditions. Challenges were conducted using low, mid, and high QC levels for each analyte. Injection matrix stability was performed by reanalyzing extracted and reconstituted QC material (replicates of 6) that was maintained in an autosampler at 4 • C for 48 (CMX157) or 72 (TAF, TFV) h. Sample matrix studies were performed by incubating plasma QC samples in quadruplicate at ambient temperature (22-24 • C) for 24 (TAF, TFV) to 72 h (CMX157); room-temperature incubated samples were tested in parallel with freshly thawed calibrators and QCs. Freeze-thaw challenges were conducted by subjecting QC samples in quadruplicate to two or three freeze-thaw cycles at −80 • C; challenged specimens were prepared and tested in parallel with freshly thawed calibrators and QCs. Long term stability was evaluated by spiking freshly thawed plasma at the low, mid, and high QC levels, which were considered Day 0; these samples were compared against QC specimens stored at −80 • C from 161 (CMX157) to 244 (TAF, TFV) days. Matrix stability was further tested by comparing QCs prepared in lipemic plasma and hemolyzed plasma to QCs prepared in K 2 EDTA plasma in quadruplicate. For the aforementioned assessments, challenged QCs were compared against freshly thawed samples and a percent difference (%DIF) was determined. Percent differences were calculated as the difference between challenges and reference QC results divided by reference QC concentrations, and multiplied by 100. Percent differences < ± 15% were deemed acceptable.
Signal to noise ratio, carryover, and cross-talk
Signal to noise ratios (selectivity) were determined by processing blank plasma samples alongside the LLOQ of the assay. The peak height threshold was set to zero, and peak areas of blank plasma were compared to analyte intensities and peak areas at analytespecific lower limits of quantification. Signal to noise ratios at assay LLOQs of ≥ 20% as compared to blank were considered acceptable. Carryover was determined by running a sequence of samples at the LLOQ in replicates of four, samples at the ULOQ in replicates of four, and blank plasma extracts in replicates of four. Comparison of peak areas between LLOQ samples and post-ULOQ samples were conducted; carryover was defined as minimal if peak areas of post-ULOQ blanks were ≤ 20% of the peak areas at the LLOQ. Cross talk was similarly determined by injecting five blank plasma samples, five blank plasma samples spiked only with the internal standard, and finally five ULOQ plasma samples. Contribution of assay internal standards ( 13 C 5 -TFV and CMX157-d6) to TAF, TFV or CMX157 total ion chromatograms was deemed negligible if peak area intensities of internal standard-spiked samples yielded analyte peak areas ≤ 20% of the peak areas at the LLOQ.
Matrix effects
Matrix effects, as well as extraction efficiency and processing efficiency were determined as per the approach described by Matuszewski and colleagues [23] , for all analytes. Three sets of QC samples were prepared in six independent lots of drug-free human plasma. An un-extracted set was prepared at low, mid and high QC concentrations in the absence of matrix. Post-extracted samples were prepared by spiking analytes at the aforementioned concentrations into post-extracted plasma. Finally, a pre-extracted set was prepared in plasma and processed as previously described. Raw peak areas for the analytes and their respective internal standards, were analyzed to determine matrix effects (comparison of post-extracted to un-extracted samples), extraction efficiency (comparison of pre-extracted to post-extracted samples) and processing efficiency (comparison of pre-extracted to un-extracted samples).
Assay implementation in biological samples
In support of a preclinical animal study to characterize TFV prodrug pharmacokinetics, mice were rectally dosed with molar equivalents of TAF (3.28 mg/mL TAF; n = 10) or CMX157 (3.72 mg/mL CMX157; n = 5) in an enema formulation comprised of normal saline (Quality Biologicals, Gaithersburg, MD). Mice were subsequently sacrificed and blood was collected at 15 min and 4 h for TAF, TFV, and CMX157 analysis.
Results
Method development
Several drug-specific aspects were evaluated during assay development. Notably, studies were conducted to assess the potential to include quantification of all TFV prodrugs (including TDF) in conjunction with TFV in a single method to enhance assay flexibility. However, consistent with biological observations, whole blood stability spiking challenges demonstrated lack of ex vivo TDF stability, with degradation occurring as quickly as 5 min post-spiking. Contrary to these observations, TAF and CMX157 were significantly more stable in whole blood at all challenged time points; up to 1 h for TAF and 8 h for CMX157 (data not shown). Due to the conjugated hydrophobic moieties associated with CMX157, the prodrug could not be chromatographically resolved using the same conditions that were optimal for TAF and TFV. Most notably, CMX157 was not reproducibly eluted from an octodecyl (C18) stationary phase, and was associated with substantial carryover using the chromatographic system optimal for TAF and TFV separation. The highly organic and basic mobile phase system required for optimal separation and elution of CMX157 was further unsuitable for TAF and TFV.
Using aforementioned chromatographic conditions and LC system, both TAF and TFV were resolved in a single assay without compromising analytical sensitivity. Due to the unavailability of an isotopically labeled standard for TAF, two surrogate molecules were assessed as an alternative internal standard. Both des-methyl-TDF and isotopically labeled TFV were evaluated in the assay. The des-methyl-TDF had an average %CV that was twice the %CV of the isotopically labeled TFV, leading des-methyl-TDF to give greater variability in final concentrations compared to the isotopically labeled TFV internal standard. In the combinatorial quantification of TAF and TFV, TAF and TFV eluted at 2.21 min and 1.31 min, respectively. In the assay for CMX157 quantification, the compound and its internal standard eluted at 0.89 min (Fig. 2) .
Precision & accuracy studies
Intra-and inter-assay precision and accuracy studies were performed at analyte LLOQs, as well as low, mid and high QC levels.
For all analytes, intra-and inter-assay precision ranged from 2.91% to 14.4% and intra-and inter-assay accuracy ranged from −7.95% to 7.76%, respectively. All observed results were acceptable as per FDA recommendations (%CVs and %DEVs ≤ ± 20% at the LLOQ and ≤ ± 15% at low, mid, and high QC levels). A summary of intra-and inter-assay precision and accuracy results is included in Table 1 .
Calibration curve analysis
Standard curves for all analytes were generated using a weighted linear 1/x 2 regression analysis. The average regression for the analytes was ≥ 0.9963 (TAF), ≥ 0.9958 (TFV), and ≥ 0.9987 (CMX157).
Dilutional integrity
Plasma samples were spiked 3xULOQ for TAF [450 ng/mL], TFV [600 ng/mL], and CMX157 [600 ng/mL] and diluted up to 20-fold with drug free plasma, yielding a%DEV range of −0.71% to 10.8%. Volume-limited sample set%DEVs, in which mid and high QC levels were diluted up to five-fold, were −8.38% to 5.97% (data not shown).
Stability challenges
Several stability challenges were evaluated during validation, including injection matrix (48 h CMX157 and 72 h TAF and TFV), sample matrix (24 h TAF and TFV and 72 h CMX157), two or three-freeze-thaw cycles, long term storage at −80 • C, and finally, evaluation of hemolyzed and lipemic plasma compared to K 2 EDTA plasma. TAF appears unstable for 72 h in injection matrix at 4 • C (data not shown) if compared to the previously run curve, but did meet the acceptability criteria when the entire sample set was run again continuously. The %DIFs for TAF and TFV with the re-analyzed curve ranged from −8.44% to 5.57%. CMX157 was found to be stable for 48 h at 4 • C in injection matrix, with %DIFs ranging from −9.02% to 4.66%. The %DIFs for sample matrix analysis ranged from −14.5% to 8.45% (24 h TAF & TFV and 72 h CMX157) and three freezethaw stability challenged samples ranged from −0.399% to 6.68% for CMX157. While TFV was stable for three-freeze thaw cycles (data not shown) TAF was only stable for two freeze-thaw cycles with %DIFs for both drugs that ranged from −15.2% to 3.04%. Long term storage at −80 • C was assessed after 161 (CMX157) and 244 (TAF and TFV) days and the %DIF was ≤ ±10.5%. Further, the presence of hemolysis did not impact drug quantification. Hemolyzed plasma compared to QCs in K 2 EDTA plasma ranged from −9.38% to 8.16% difference for the three analytes (data not shown). Lipemia has no effect on the quantification of the TAF and CMX157 as the %DIF ranged from −14.2% to 6.72%, but there was an impact on TFV quantification (%DIF ranged from 9.57% to 18.4%).
Signal to noise ratio, carryover, and cross-talk characterization
For TAF, TFV and CMX157, peak areas of blank samples were ≤ 20% of peak areas observed at analyte LLOQs; no interfering peaks were observed in drug-free plasma at the elution times of TAF (2.21 min), TFV (1.31 min) and CMX157 (0.89 min) (Supplemental Fig. 1) . Additionally, peak areas in blank samples post-analysis of a specimen at the ULOQ were ≤ 20% of the LLOQ peak areas for TAF and TFV; the peak area of the detected peak for CMX157 was slightly greater than 20%. In this scenario, there was increased baseline intensity across the chromatographic run in the post-injection blank sample, resulting in integration of a peak. However, based on Table 2 Matrix Effects of TAF, TFV, and CMX157 in human K2EDTA-plasma.
QC Level
Matrix Effects (%) a ME% = Peak area of (post-extracted samples/un-extracted samples) * 100. b RE% = Peak area of (pre-extracted samples/post-extracted samples) * 100. c PE% = Peak area of (pre-extracted samples/un-extracted samples) * 100.
overall peak shape and intensity above baseline, the signal observed in the post-injection blank was not considered carryover as it did not meet standards for peak shape (data not shown). There was negligible (≤20% peak area of LLOQ) contribution of internal standards 13 C 5 -TFV and CMX157-d6 to their respective analytes.
Matrix effects
To characterize potential ion enhancement or suppression of the analytes, the peak areas were measured in un-extracted, preextracted, and post-extracted samples for TAF, TFV and CMX157 and their respective internal standards. The matrix effects observed for TAF and TFV were relative, and ion suppression was observed for the analyte CMX157, indicating that endogenous compounds co-elute with the analyte in the protein precipitation extraction. However, comparable ion suppression was also observed for CMX157-d6, thereby reducing the matrix effects that could impact quantification of the analyte. The overall recovery efficiency for TAF, TFV, CMX157, and their respective internal standards was ≥80%, and the %DIF in recovery efficiency between the analytes and the internal standards was <15% at any QC level. The observations made for the overall processing efficiency of the analytes were similar to the observations made for matrix effects. A summary of matrix effects for TAF and TFV and CMX157 are detailed in Table 2 .
Assay implementation in biological samples
To evaluate the fidelity of the described LC-MS/MS assays, methods were applied to a preclinical study aimed at understanding the pharmacokinetics of TFV and its prodrugs using a topical drug delivery system. Molar equivalents of TAF (3.28 mg/mL) or CMX157 (3.72 mg/mL) were formulated in a normal saline enema solution. Mice were dosed rectally with 50 L of drug-containing solution; samples were collected 15 min and 4 h after dosing.
Utilizing the aforementioned LC MS/MS methods, the measured TAF concentrations ranged from below the quantitation limit (BQL) to 85.4 pg/mL for the 5 mice treated with the TAF enema formulation at the 15-min time point, which were within the established analytical measuring range (AMR). All TAF concentrations were BQL at the 4 h time point. TFV, on the other hand, was above the quantitation limit (AQL) at 15 min time point but fell within the established AMR at the 4 h time point. The five CMX157 treated mice had detectable TFV concentrations previously measured utilizing a validated TFV method with a lower limit of quantification of 0.31 ng/mL. TFV concentrations ranged from 0.357 to 1.02 ng/mL at the 4 h time point; the corresponding CMX157 concentrations measured ranged from 0.381 to 3.63 ng/mL ( Table 3 ). The results of these preclinical samples demonstrate an inverse relationship between the prodrug and the parent drug. Additional studies conducted in our group looking at oral formulations of TAF in human trials demonstrate higher TAF concentrations as compared to TFV (data not shown).
Discussion
The methods presented for the quantification of TFV and its prodrugs are sensitive and can support in vivo studies to better evaluate drug pharmacokinetics. Although the presented TAF and TFV assay uses a larger sample volume than previously published methods, and involves a more complex sample extraction approach, this highly sensitive method is the first to describe the multiplexed analysis of both TAF and its metabolic product, TFV [19] [20] [21] . Conversely, the assay presented for the quantification of CMX157 utilizes a small sample volume with a simple sample preparation as well as a sensitive, dynamic analytical measuring range. With growing interest in prodrugs such as TAF, the ability to multiplex quantification of both the alafenamide conjugate in conjunction with TFV can provide additional information on antiviral agent pharmacokinetics. Many of the reports describing TAF utility in disease management primarily measure TFV as an endpoint. However, recent reports, including those from Custodio and colleagues report C max concentrations for TAF and TFV at 199 ng/mL and 9.5 ng/mL, respectively, following a single 25 mg dose of TAF. While the described TAF upper limit of quantification (ULOQ) is below reported C max concentrations observed with 25 mg TAF dosing, extended linearity studies were conducted to ensure quantification at higher dosing regimens of TAF [24] . We developed our assays to maximize analytical sensitivity; since TAF is orally administered at <10% of an oral TDF dose (300 mg), the assay was validated to ensure prodrug quantification at later PK time points. Additionally, the described assays were developed and validated to facilitate testing flexibility for both oral and topical delivery systems of TFV prodrugs. Topical delivery of compounds results in enhanced localized drug concentrations, while substantially reducing systemic concentrations. This has been demonstrated in a number of studies using topical delivery systems, including TFV-containing intravaginal rings, pericoital gels, and films [25] [26] [27] [28] [29] . This is further reflected in ongoing preclinical studies evaluating alternative delivery systems for TFV and its prodrugs (Table 3) . Unlike oral formulations, which would be associated with plasma TAF/TFV ratios >1, colonic administration of the prodrug results in lower TAF concentrations being released into systemic circulation, resulting in a TAF/TFV ratio <1, as observed in the described preclinical mouse studies. This is due to probable TAF uptake and bioconversion by localized tissue, with lower concentrations of unchanged prodrug reaching systemic circulation. Additionally, unlike oral regimens, topical TAF was administered at equivalent molar concentrations, thereby preventing direct comparisons with oral TAF/TFV gradients. Although systemic TAF concentrations were only detectable in 60% of plasma samples (concentrations ≤ 0.085 ng/mL), localized tissue TFV-DP concentrations were quantifiable, suggesting prodrug uptake, bioconversion and metabolism at later time points (data not shown). The described efforts are part of ongoing studies evaluating prodrug performance in this delivery system. The described assay demonstrates the capacity to quantify TFV and its prodrug following rectal delivery; in the pre-clinical mouse study, TAF bioconversion occurs rapidly, with high TFV drug concentrations observed as soon as 15 min post-rectal administration, and quantifiable concentrations >6.49 ng/mL 4 h post-dose. However, the inability to quantify TAF in all samples collected proximal to rectal delivery is a limitation of the system, suggesting that alternative dosing strategies or model systems may be required to fully characterize TFV prodrug pharmacokinetics.
Although there are ongoing clinical trials evaluating the pharmacokinetics and safety profiles of CMX157, our group has evaluated the potential utility of topical CMX157 in preclinical studies. In mice that were dosed rectally with CMX157, we were able to measure concentrations of both prodrug and TFV and in systemic circulation. Further, localized tissue tenofovir-diphosphate concentrations (TFV-DP) were measured and found to be quantifiable (data not shown), showing a potential for CMX157 drug delivery and in vivo bioactivation in a mouse model. Additional studies in both mouse and macaque models for both TAF and CMX157 prodrugs are ongoing.
While the described methods were developed and validated to optimize flexibility in support of clinical studies, and have been successfully applied to a topical pharmacokinetic study, this work does have limitations. Notably, due to the enhanced lipophilicity of the CMX157 prodrug, aggressive re-equilibration and a strong organic mobile phase system was required for chromatographic elution and mitigation of carryover. Due to the stark differences in polarity between the prodrug and the more hydrophilic TFV, a dual method for prodrug and product quantification could not be achieved. Therefore, for studies in which both CMX157 and TFV are required, two independent specimen preparations and analytical methods are required. For our combinatorial TAF and TFV assay, the analytical measuring range of TAF may appear to be too narrow, requiring additional testing of samples near C max . While this may occur in a subset of samples, the frequency of samples that could exceed the assay ULOQ is dependent on dosage, route of administration, and time of collection relative to dosing. Dilutional analysis testing further supports specimen dilution to extend assay linearity, largely circumventing the limitation.
Of note, while the assay was validated using human plasma, preclinical studies were performed in a mouse model. Although peak area intensities of our internal standards were comparable between species, it is noted that enzymatic activity and prodrug conversion via esterases may not be conserved between mouse and human models. Studies performed during validation indicated that while TFV and CMX157 peak area intensities were comparable between species, TAF was less stable in mouse plasma as compared to human matrices, suggesting differential enzyme activity (data not shown). Lastly, and not innate to the bioanalytical method, is the lower circulating concentrations of TAF in plasma with colonic administration. TAF was rapidly converted into TFV in less than 15 min as demonstrated by the in vivo mouse samples that were dosed rectally, generating undetectable TAF concentrations and AQL TFV concentrations utilizing the presented TAF and TFV assay. An oral dose, and/or alternate route of administration, of TAF may generate different results with higher circulating prodrug concentrations in vivo.
Conclusions
Two LC-MS/MS methods have been developed and validated; one for the quantification of TAF and TFV, and the other for CMX157 in plasma in accordance with FDA recommendations. The novel method CMX157 involves a streamlined, low volume requirement, and dynamic analytical measuring range, which meets the sensitivity needs in supporting clinical studies focused on drug pharmacokinetics. Further, the method for TAF and TFV is more sensitive than previously published methods and multiplexes the two analytes into one simplified assay.
